































































DC/DC	 power	 conversion,	 5G	 networks)	 demand	 high	 power	 and	 high	 speed	 operation,	
motivating	 new	 material	 and	 device	 structure	 investigations	 [1].	 Gallium	 nitride	 (GaN)	 high	
electron	 mobility	 transistors	 (HEMTs)	 are	 ideal	 candidates	 to	 address	 such	 emerging	 needs,	
particularly	in	high	power	(>	10	W)	high	frequency	(>10	GHz)	applications.	Figures	of	merit	for	
high	power	and	high	frequency	applications	show	GaN	having	a	value	of	790	for	Johnson’s	figure	
of	 merit	 [2,3]	 (indicating	 high	 speed	 and	 high	 power	 capabilities)	 and	 100	 for	 Baliga’s	 high-
frequency	figure	of	merit	[3,4]	when	normalized	to	the	values	for	Si.	The	wide	bandgap	(~3.4	eV),	
high	 critical	 breakdown	 field	 (~3.5	 MV/cm),	 and	 high	 two-dimensional	 electron	 gas	 (2DEG)	
mobility	 (>	 1000	 cm2/V·s)	 all	 contribute	 to	 the	 promise	 of	 GaN	 devices	 in	 such	 operation	
conditions	 [5].	 A	 key	 issue	 in	 GaN	 HEMTs	 is	 normally-on	 operation.	 Due	 to	 the	 inherent	
polarization	fields	in	hexagonal	(h-)	phase	GaN,	conventional	h-GaN	HEMTs	are	normally-on.	This	


















on	material	parameters,	and	offers	an	upper	 limit	 to	 the	capabilities	of	a	material.	When	the	
values	are	normalized	to	that	of	Si,	we	find	a	value	of	790	for	GaN	[3].	For	additional	figures	of	
merit,	GaN	offers	an	 impressive	910	when	normalized	 to	Si	 for	Baliga’s	 figure	of	merit	which	
indicates	low-frequency	power	losses	[3],	and	a	value	of	100	on	Baliga’s	high	frequency	figure	of	




Figure JFOM BFOM BHFFOM 
Expression 𝐸"𝑣$/2𝜋 𝜖𝜇𝐸*+ 𝑅-.𝐶0. 12 
Si 1 1 1 
GaN 790 910 100 
4H-SiC 410 290 34 
	
A	key	issue	in	GaN	HEMTs	is	normally-on	operation.	Due	to	the	inherent	polarization	fields	
in	 hexagonal	 (h-)	 phase	 GaN,	 conventional	 h-phase	 GaN	 HEMTs	 are	 normally-on,	meaning	 a	
conductive	2DEG	channel	is	formed	in	the	AlGaN/GaN	hetero-interface	even	under	no	external	
bias.		For	safety	and	energy	savings	in	high	power/frequency	applications,	normally-off	HEMTs	









performed	 on	 silicon	 MOSFETs.	 The	 implantation	 is	 typically	 performed	 using	 a	 CF4	 plasma	
treatment	 followed	 by	 rapid	 thermal	 annealing	 (RTA)	 [7].	 The	 resulting	 devices	 have	 a	 high	
density	 of	 fluoride	 ions	 near	 the	 2DEG	 channel,	 which	 prevent	 the	 2DEG	 formation	 under	
equilibrium	conditions.	This	technique	requires	care,	however,	as	the	devices	created	using	this	
technique	can	suffer	from	a	reduced	on-state	𝐼45	[13].	







Employment	 of	 a	 p-doped	 GaN	 gate	 contact	 has	 also	 been	 studied	 recently.	 	 This	
approach	avoids	 the	pitfalls	of	 the	 fluorine-treated	devices	and	 the	 recessed	gate	strategy	 to	
achieve	high	turn-on	voltages	of	up	to	3	V	[14].	The	biggest	problem	is	the	activation	of	the	p-
type	 dopants.	 Magnesium	 is	 typically	 used	 to	 achieve	 a	 p-doped	 GaN	 layer,	 but	 the	 large	
activation	 energy	 (approximately	 170	 meV)	 leads	 to	 a	 much	 lower	 hole	 concentration	 than	
chemical	concentration	[9].	
Combinations	of	the	above	approaches	have	been	used,	in	particular	the	combination	of	




















bias	and	material	parameters.	For	a	MOSFET,	it	is	found	to	obey	𝑅?C = EFGHIJK?LM NO1NPG 	[16].	For	









	 Sheet	 density,	 𝑛$,	 has	 been	 thoroughly	 studied.	 For	 h-GaN	 structures,	 it	 is	 given	 by	𝑛$(𝑥) = U VW − YZY V[W\ 𝑒Φ< 𝑥 + 𝐸` 𝑥 − Δ𝐸? 𝑥 	 [17].	For	this	expression,	𝜎 𝑥 	 refers	to	the	
polarization	induced	charge	density,	Φ<to	the	surface	barrier	height,	𝐸` 	to	the	Fermi	level,	and	Δ𝐸? 	 to	 the	 conduction	band	discontinuity	 at	 the	AlGaN/GaN	heterojunction.	 For	 the	 ZB-GaN	






while	 the	 device	 is	 in	 the	 off-state	 without	 allowing	 current	 to	 flow.	 This	 value	 is	 typically	
measured	by	picking	a	threshold	current	on	the	order	of	100	nA	and	measuring	the	voltage	𝑉45	
for	which	 𝐼45	 equals	 the	 threshold	 voltage	when	 the	device	 is	 in	 the	off-state	 (𝑉*5 = 0	for	 a	




















The	 zincblende	 AlxGa1-xN/GaN	 HEMT	 structure	 under	 consideration	 consists	 of	 an	
unintentionally	 doped	 (UID-)	 ZB-GaN	 substrate	 on	 which	 high	 quality	 intrinsic	 ZB-GaN	 is	








doped	 AlGaN	 via	 MOCVD	 or	 MBE	 processes	 [20],	 and	 these	 carriers	 then	 diffuse	 to	 the	
AlGaN/GaN	heterojunction	to	form	the	2DEG.	The	ionized	impurities	remain	in	the	AlGaN2	layer	
after	the	carriers	are	depleted,	leading	to	strong	band	bending	in	this	region.	Because	the	carriers	
are	 depleted,	 we	 instead	 find	 the	 peak	 electron	 concentration	 at	 the	 AlGaN/GaN	 junction	
corresponding	 to	 the	 2DEG	as	 opposed	 to	 the	 doped	 layer.	 The	AlGaN3	 layer	 of	 thickness	 𝑡+	
separates	δ-doped	AlGaN2	layer	from	the	channel	and	reduces	the	impurity	scattering	effects.	



















Source	and	drain	 contacts	 are	made	 to	n-doped	GaN	directly	 contacting	 the	 channel.	 (b)	A	








For	 simulating	 the	 band	 structure	 of	 the	 wide	 bandgap	 materials,	 the	 temperature	
dependence	given	by	the	Varshni	model	[21]	𝐸* 𝑇 = 𝐸* 0 −		 o;\pB;		is	used,	with	values	of	𝛼, 𝛽	
as	given	in	Table	2.	During	the	simulations,	Fermi	statistics	are	used	to	improve	accuracy	as	Fermi	
energy	level	(𝐸`)	exceeds	conduction	band	energy	level	(𝐸?).	Thermionic	emission	currents	are	
considered	 for	 electrons	 in	 order	 to	 accurately	model	 carrier	 flow	 along	 the	 heterojunction,	
following	 the	 literature	 [22].	 For	 carrier	 flow	and	densities	 confined	along	 the	 triangular	well	
formed	 at	 the	 metallurgical	 junction	 {as	 in	 our	 AlxGa1-xN/GaN	 hetero-structure},	 a	 quantum	
potential	is	considered.	This	potential,	denoted	𝛬.	,	adds	quantization	to	carrier	densities	in	the	
quantum	 well	 according	 to	 𝑛 = 𝑁?𝐹u\ vw,J1vF1xJy;J 	without	 impacting	 simulation	 times	
significantly	[12].	 In	this	equation,	𝑁? 		 is	the	effective	density	of	states,	while	F1/2	 is	the	Fermi	
integral	 of	 order	 1/2.	 	𝛬.	is	 obtained	 by	 solving	 𝛬. = − zℏ\2f|J 	 𝛻f 𝑙𝑛 𝑛 + 2f 𝛻 𝑙𝑛 𝑛 f =− zℏ\|J \ .. .	Here	𝛾	is	a	fit	factor,	𝑛	is	the	electron	concentration,	𝑚.	is	the	electron	mass	and	ℏ	
is	the	reduced	Planck	constant.	The	effects	of	bandgap	narrowing	with	heavy	doping	is	neglected,	
based	on	the	difficulty	in	activating	dopants	in	GaN.	Carrier	recombination	is	computed	using	a	
combination	 of	 Shockley-Hall-Read	 recombination,	 Auger	 recombination,	 and	 radiative	
recombination	 models.	 While	 modeling	 the	 electrical	 behavior	 of	 the	 structure,	 the	 basic	
transport	 equations	 are	 solved	 while	 the	 potential	 at	 various	 electrodes	 is	 swept.	 Transient	
behavior	is	ignored,	and	only	quasi-stationary	solutions	are	used.	Three	equations	are	solved	at	
each	step	of	the	simulation:		Poisson’s	equation	and	the	continuity	equation	for	both	electrons	
and	 holes.	 Poisson’s	 equation	 is	 given	 by	𝛻 ⋅ 𝜀𝛻𝜙 = 	−𝑞(𝑝 − 𝑛 + 𝑁4B − 𝑁i1),	 where	 𝜀	 is	 the	
material	permittivity,	𝜙	refers	to	the	electrostatic	potential,	𝑝	and	𝑛	are	the	hole	and	electron	
concentrations,	 and	 𝑁4B	 and	 𝑁i1	 are	 ionized	 impurities.	 The	 continuity	 equation	 for	 both	
electrons	and	holes	is	given	by	±𝛻 ⋅ 𝐽., = 𝑞𝑅 + 𝑞 ., 	with	the	positive	term	corresponding	











thickness.	 The	 doping	 in	 the	 n-GaN	 contact	 areas	 is	 provided,	 as	 well	 as	 the	 δ-doping	
concentration.	 Intrinsic	 concentrations	 in	 the	 substrate	are	extracted	using	 the	mass-action	
law.	
Parameter Symbol Value 
GaN bandgap at 0 K 𝐸*,*A 3.299 eV [23] 
AlN bandgap at 0 K 𝐸*,ijA 6.00 [23] 
 
Varshni coefficients 𝛼*A 5.93 × 10-4 eV/K [23]  
 𝛽*A 6.00 × 102 K [23] 
 𝛼ijA 5.93 × 10-4 K [23] 
 𝛽ijA 6.00 × 102 K [23] 
 
Relative permittivity 𝜀,*A 9.7 [24] 
 𝜀,ijA 9.14 [25] 
 
Electron affinity 𝜒ijA  0.6 V [24] 
 𝜒*A 4.1 V  [24] 
 
Elastic coefficients 𝑐22 25.3 × 1011 dyn/cm-2  [5] 
 𝑐2f 16.5 × 1011 dyn/cm-2 [5] 
 
n-GaN dopant concentration 𝑁4 1 × 1019 cm-3 

















Fermi-Dirac	distribution,	 leading	to	formation	of	the	2DEG	and	thus	normally-on	behavior.	 	 In	
Figure	 6,	 this	 phenomenon	 is	 shown	 as	 the	 electron	 density	 increases	 by	 several	 orders	 of	
magnitude	when	𝐸` 	approaches	𝐸? .	




Parameter Value 𝑥ij 0.25 𝑡2 15 nm 𝑡f 2 nm 𝑡+ 3 nm 𝜑h 1.8 eV 
δ-doping  (in AlGaN2) 2× 1012 cm-2 
Total AlGaN thickness 










range	 of	 Al-content	 can	 be	 attained	 despite	 lattice	mismatch,	 and	 doping	 of	 high	 Al-content	
AlGaN	has	been	demonstrated	 [26,27].	Additionally,	devices	with	high	Al-content	have	shown	
promising	performance,	as	the	2DEG	is	in	the	GaN	layer	and	unaffected	by	possible	dislocations	
in	the	AlGaN	layers.	In	order	to	maintain	a	constant	𝜑h	of	1.8	eV,	Φ	is	allowed	to	change	with	𝑥ij.	 Corresponding	values	of	Φ	 are	 calculated	using	𝜑h = 𝑞(Φ −	𝜒5)	 and	written	next	 to	
each	band.	As	𝑥ij 	increases,	the	conduction	band	minimum	approaches	the	Fermi	level.	For	𝑥ij 	











limits	 the	output	power.	Overall,	by	varying	𝑥ij,	one	can	trade-off	 turn-on	voltage	and	𝑛$	 for	







































we	have	also	studied	the	effect	of	 t3	 (Figure	5).	It	 is	shown	that	 t3	has	minimal	 impact	on	the	































































carriers	 across	 the	 heterojunction	 and	 in	 to	 the	 substrate.	 Thermionic	 emission	 currents	 for	
electrons	are	given	by	𝐽. = 2𝑞 𝑣.,*A𝑛*A − |O­®|¯°O­® 𝑣.,ij*A𝑛ij*A exp ´vFy;J,¯°O­® ,	where	𝑞	is	
the	 elementary	 charge,	 𝑣.is	 the	 emission	 velocity	 given	 by	 𝑣. = 	 y;Jfµ|J,	 𝑛	 is	 the	 electron	
concentration,	𝑚	is	effective	mass,	𝛥𝐸? 	is	the	conduction	band	discontinuity,		𝑘	is	the	Boltzmann	






















Based	 on	 preceding	 design	 guidelines,	 a	 normally-off	 zincblende	 (ZB-)	 phase	
AlxGa1-xN/GaN	high	electron	mobility	transistors	(HEMTs)	is	proposed.		Figure	12	shows	the	𝐼4	vs.	𝑉45	response	of	the	HEMT	with	𝑥ij 	set	to	0.25,	𝑡2	set	to	15	nm,	𝑡f	set	to	2	nm,	𝑡+	set	to	3	nm,	










































In	 summary,	we	 report	 the	 normally-off	 operation	 regime	 of	 ZB-phase	 AlxGa1-xN/GaN	
HEMTs	via	varying	key	design	parameters	(𝑥ij, 𝑡2, 𝑡f, 𝑡+,	δ-doping	amount,	and	𝛷).	Particularly,	
we	consider	and	report	the	trade-offs	between	𝑥ij, 𝑡2,	and	𝛷	(via	its	impact	as	𝜑h)	to	maximize	𝑉; 	 and	𝑛$.	 Considering	Matthews-Blakeslee	 critical	 thickness,	 we	 offer	 design	 guidelines	 for	
maximizing	 𝑉; 	 while	 minimizing	 defectivity.	 Our	 results	 provide	 encouraging	 results	 for	 the	
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